| INTRODUC TI ON
Neutrophils are an integral component of the host response in periodontal disease.
1 They exit the gingival plexus of blood vessels and enter the gingival crevice, where they represent the overwhelming majority of leukocytes recruited in response to the tooth-associated biofilm. 2 While they play an important role in the destruction of invading pathogens, neutrophils can also cause substantial collateral damage to host tissue. 3 Chronic periodontitis, a highly prevalent inflammatory condition of the oral cavity, is a prime example of tissue destruction mediated by the proinflammatory neutrophil response.
Chronic periodontitis is characterized by increased neutrophil recruitment, gingival inflammation and progressive, irreversible loss of periodontal attachment. 4, 5 In periodontal health, however, neutrophils are constantly being recruited to the oral cavity, without inducing clinically evident inflammation or tissue destruction. 6, 7 Thus, it seems that while the blood neutrophils are naïve, becoming primed or activated only during certain disease states, oral neutrophils in health, which have undergone extravasation and exposure to the oral biofilm are partially activated, and do not cause any overt clinical signs of inflammation. This intermediary immune state has been termed "para-inflammation." 8, 9 Consequently, events that induce a switch from a para-inflammatory to a proinflammatory state are likely to be central to the pathogenesis of chronic periodontitis, as well as other chronic inflammatory diseases associated with biofilmbearing tissues. Mechanisms that restrain neutrophil function by producing a para-inflammatory state, including tolerance of the commensal microbiota without host tissue damage, are essential for maintenance of oral health. A deeper understanding of structural/ morphological and functional differences between para-and proinflammatory neutrophils is necessary.
Transmission electron microscopy (TEM) has been extensively used in the past to study the morphology and function of neutrophils, [10] [11] [12] although the studies using it have mainly focused on neutrophils from circulation. Few studies have examined the morphology of oral neutrophils, and most TEM studies of periodontal inflammation and disease, such as the seminal work of Page and Schroeder, focused on the composition of the tissue as a whole, rather than the morphology of individual cells. 6 Studies examining individual neutrophils in periodontal disease have focused on impaired functionality of these cells, with no assessment of their morphological changes in health and disease. [13] [14] [15] [16] To investigate morphological and functional differences between para-and proinflammatory neutrophils we used
high-resolution TEM to analyze blood and oral neutrophils of healthy volunteers and patients with chronic periodontitis. Furthermore, whole blood was incubated with oral commensal bacteria to assess the morphological changes observed in naïve blood neutrophils by TEM. Our hypothesis was that neutrophils in the healthy oral cavity would present with a distinctive morphology consistent with parainflammation characterized by low granulation, light cytoplasm and large amount of euchromatin, while the fully active, proinflammatory phenotype of oral neutrophils in chronic periodontitis will show a higher number of phagocytes, lower granularity, lighter cytoplasm and larger amount of euchromatin. We have previously shown that under TEM, naïve, para-and proinflammatory neutrophils differ in granularity and phagosome content. 8 Here, we present additional new data on the morphological diversity between the 3 groups, as well as the response induced in naïve cells after incubation with bacteria. 
| MATERIAL AND ME THODS

| Participants and clinical assessments
| Electron microscopy
Blood and oral samples were obtained as previously described. 18, 19 Briefly, participants were asked to rinse with 5 mL of 0. All treated sites had a probing depth >5 mm with bleeding on probing. The sections were kept in Karnovsky's fixative, cut to pellet size using no. 15 scalpels and prepared for TEM viewing as described above.
| Bacterial stimulation
To Thirty-one images were taken of the bacteria-stimulated neutrophils (bBCT) and analyzed as described above.
| Statistical analysis
One-way analysis of variance was performed with a post hoc Bonferroni's test for pairwise comparisons. P ≤ 0.05 was considered statistically significant. Statistical analysis was performed with GraphPad Prism software.
| RE SULTS
| Clinical description of periodontal disease in the patient cohort
On average, patients with chronic periodontitis had 3.3 fewer teeth than healthy controls (24.7 ± 4.7 vs. 28 ± 1.7, P = 0.05). Bleeding on probing occurred at 65% of sites in patients with chronic periodontitis compared to 8.6% of sites in healthy controls (P < 0.001). In patients with disease, 23% of all sites were deemed to be undergoing "active inflammation-mediated" periodontal tissue breakdown, while active disease was virtually absent (0.1%) in healthy controls (P < 0.001).
Patients with chronic periodontitis had an increased oral inflammatory load as demonstrated by a 5-fold increase in oral neutrophil counts compared to healthy controls. There were no significant differences between the 2 groups with respect to age, age range, gender and smoking history. Demographics and periodontal characteristics of patients and control cohorts are summarized in Table 1 .
| General cell morphology
Dramatic morphological changes were observed between the blood and oral neutrophils, regardless of the oral health state of the subject. Similarly, these changes were observed in the blood neutrophils that were incubated with bacteria. Significant changes were also observed between the oral control and oral chronic periodontitis groups, albeit to a lesser extent. There were no significant differences in the blood neutrophils between health and disease.
We found that blood neutrophil cytoplasm is more electrodense, with a higher average gray value compared to the oral neutrophiland bacteria-stimulated groups. Furthermore, chronic periodontitis oral neutrophils had a significantly lighter cytoplasm compared to control oral neutrophils, which was similar to the cytoplasm of the bacteria stimulated neutrophils (Figure 1 ; bCTL 111. 
| Cell morphology in the tissue
Neutrophils in the gingival blood vessels ( Figure 5A ,B) show morphology similar to neutrophils from blood ( Figure 1A ). They maintain their round and smooth shape, as well as the dark and dense cytoplasm, which is filled with granules. Euchromatin fraction in the nucleus is still low. Neutrophils that have migrated into the connective tissue have a lighter cytoplasmic density, with fewer granules and higher euchromatin fraction ( Figure 5C ). Finally, in the epithelium, the cells demonstrate characteristics similar to those isolated from saliva, including lowdensity cytoplasm with relatively few granules. A unique nuclear manifestation was observed in gingival tissue neutrophils, characterized by increased euchromatin/heterochromatin ratio, with heterochromatin that was localized in a highly focused manner at the periphery of the nucleus, in conjunction with the nuclear envelope ( Figure 5D ,E).
| D ISCUSS I ON
We have performed a survey of tissue and blood neutrophil phenotypes in health compared to chronic periodontitis using highresolution TEM. Three distinct phenotypes were observed based on the analysis of granularity, cytoplasmic density, euchromatin/ 
| Blood vs. oral neutrophils
The most dramatic morphological changes were observed between the oral and blood neutrophil groups, regardless of health status. Blood neutrophils are naïve in the circulation. Their recruitment usually starts by changes induced in stimulated endothelium, which causes upregulation of adhesion molecules on their surface.
Compatible upregulation of appropriate ligands in free circulating neutrophils then causes them to tether to the vessel surface. 22 The neutrophils then roll and adhere to the endothelium, and finally extravasates into the tissue, starting migration induced by chemotactic attractants. 23 This journey from the circulation into the oral cavity is complex, highly regulated and involves the expression of numerous genes and proteins. 24 Additionally, migration between the epithelial and connective tissue cells require physical adjustment of the cell and nucleus. 10 Finally, the recruited oral neutrophil needs to manage the constant bacterial presence in the oral cavity, using its antibacterial arsenal. 25 Thus, significant morphological changes are expected and observed in granularity, the nucleus and cytoplasm, all of which participate in neutrophil activation as described below.
Similar and robust morphological changes were observed in blood neutrophils, which were incubated with bacteria. Therefore, it appears that in vitro, bacterial factors are sufficient to induce the changes observed in extravasated cells.
Interestingly, no differences were observed in the blood neutrophils between the healthy and chronic periodontitis groups. The host innate immune response is recognized as an important factor in chronic periodontitis. Different individuals show different susceptibility to chronic periodontitis, and impaired or altered neutrophil response has been suggested as a partial explanation to this variability.
However, the evidence for this is not definitive for chronic periodontitis. 26 Alternatively, exacerbation of systemic disease by chronic periodontitis has been established in the context of diabetes mellitus, 27 and to a much lesser extent in cardiovascular disease 28 and adverse pregnancy outcomes, 29 suggesting a pathway that might include altered neutrophil activity. We examined systemically healthy 
| Oral health vs. oral chronic periodontitis
In the oral neutrophil groups, significant changes in morphology were observed between the control and chronic periodontitis groups. This is consistent with previous studies that have shown that oral health and chronic periodontitis neutrophils present 2 different phenotypes, presenting different CD marker profiles and gene expression. 8, 19 Our findings suggest that even without clinical symptoms of inflammation, once extravasated, the para-inflammatory cells appear to be in a state of activation.
| Cytoplasm density
One consistent observation that we made was a significant change in cytoplasm electron density between the different groups. Compared to the dark, dense cytoplasm of the naïve neutrophils, the oral neutrophils show a much lighter, electron-lucent cytoplasm. This is further accentuated in the proinflammatory cells. We were able to induce a similar cytoplasmic change by incubating the naïve blood cells with S. oralis. S. oralis is a gram-positive, non-motile facultative anaerobe, and a commensal early colonizer of the oral cavity. As such, it is generally associated with periodontally healthy sites, and therefore it is interesting to see that exposing this species to naïve neutrophils reproduced a similar response to that observed in para-inflammation.
That the observed response was of lesser extent can be attributed to the fact that this incubation was done in vitro. In the oral cavity, the dental biofilm is a complex bacterial community, rather than one specific species. It has been previously demonstrated that neutrophils stimulated by phorbol 12-myristate 13-acetate produce a change in cytoplasm density as part of their activation, and similar observations have been noted in human lymphocytes. 30, 31 This may be due to the rapid degranulation observed in the para-and proinflammatory cells. Furthermore, stimulated neutrophils have been shown to alter cytoplasm density due to enhanced polymerization of cytoplasmic proteins, such as monomeric actin converting to F-actin, or the translocation of cytosolic components such as protein kinase C to the cell membrane. [32] [33] [34] This is relevant to the neutrophils' ability to migrate through the connective tissue and epithelium, which necessitate cytoskeleton adaptation, as we observed in the neutrophils in whole tissue sections. All of these point to structural and functional changes that are consistent with cell activation.
| Euchromatin fraction in the nucleus
Euchromatin is the decondensed form of DNA. In contrast to the condensed heterochromatin, euchromatic DNA is more exposed and ready for gene transcription. Therefore, a higher euchromatin/heterochromatin ratio suggests a more active cell with increased gene expression and protein synthesis. It has been demonstrated that in periodontal disease, neutrophils present with altered gene expression. 18 This is consistent with the increased fraction of euchromatin that we observed in the para-and proinflammatory cells, compared to naïve blood neutrophils. The increased euchromatin content in proinflammatory relative to para-inflammatory neutrophils is also consistent with higher activation of the proinflammatory cells.
F I G U R E 6
Morphological differences between the 4 neutrophil groups. A, Naïve control blood neutrophil. B, Oral neutrophil from a healthy control. C, Oral neutrophil from a patient with chronic periodontitis. Note decreasing granularity, decreasing cytoplasm density, increasing euchromatin fraction in the nucleus and increasing number of phagosomes. D, Naïve blood neutrophils after incubation with S. oralis. a, b, c, d, Graphical summary of size, cytoplasm mean gray value, granularity, euchromatin fraction and number of phagosomes for each group. All image magnifications: ×8000 and 75 kV
| Granularity
Secretion of proteolytic enzymes associated with neutrophil granules is an important antimicrobial mechanism, but it also has cytotoxic capabilities that may affect the host tissues. 35 Severe deficiency in degranulation activity has been associated with aggressive forms of periodontitis. For example, a deficiency in cathepsin C, an activator of the granule peptidases cathepsin G and elastase, has been demonstrated to be the cause of Papillon-Lefèvre syndrome, which is characterized by severe periodontitis, and is associated with other forms of aggressive periodontal disease. 36 However, beyond their direct antimicrobial activity, granule contents also play a major role in the activation machinery of the neutrophil. It is generally accepted that granules in the mature neutrophil can be divided into 4 main subtypes: primary (azurophilic), secondary (specific), tertiary (gelatinase) and secretory vesicles. Each type is characterized by the dominant protein it contains; myeloperoxidase for the primary granules, lactoferrin in the secondary and gelatinase in the tertiary. The secretory vesicles are unique in that they contain only plasma proteins, and therefore their marker is albumin. 37 The significance of the secretory vesicles is in their membrane, which is rich in various membranerelated signaling proteins such as CXC chemotactic receptors and toll-like receptors. 38, 39 In the beginning of the inflammatory cascade, interaction of ligands on the surface of the neutrophil with selectins on activated endothelium promotes the fusion of the secretory vesicles with the cell membrane, causing surface expression of β 2 -integrins and chemotactic receptors. 40 Thus, the secretory vesicles are instrumental in promoting neutrophil adhesion to the endothelium and subsequent chemotactic migration. The tertiary granules are high in gelatinase, which can degrade type IV collagen, the major component of the basement membrane. 41 Hence, these granules participate in extravasation by promoting matrix metalloproteinasemediated degradation of the basement membrane. This enables the neutrophil to travel through the tissue without releasing the harmful serine proteases in the primary and secondary granules. 42, 43 Therefore, degranulation is critical to the initiation of neutrophil activation before contact with its targets and the actual microbial killing.
The tertiary and secondary granules membranes are also the main source of MAC-1 (CD11b/CD18) in the cell, and therefore assist in phagocytosis 44, 45 once they have entered the infected tissues.
As expected, proinflammatory neutrophils that we observed in the oral cavity of patients with chronic periodontitis, displayed decreased granularity. This is consistent with elevated inflammatory activity of these neutrophils, which is a hallmark of periodontal disease. 18, 19, 46 Interestingly, para-inflammatory neutrophils, which we observed in the healthy oral cavity, also showed reduced granularity compared to the naïve cells, but to a lesser extent than the proinflammatory neutrophils. Indeed, neutrophils in the healthy oral cavity carry out an important housekeeping function that prevents the development of gingival disease; 47 therefore, some level of neutrophil activation is expected. Incubating naïve blood neutrophils with S. oralis-induced degranulation as well, albeit to a lesser extent than the degranulation of the para-inflammatory cells in vivo. One of the limitations of quantifying granules using TEM is that it is virtually impossible to differentiate between the 4 different granule subtypes without specific biomarkers-it would be interesting to see if the para-and proinflammatory phenotypes differ not only in quantity, but also in the quality of the granule content being released to the oral cavity. 
| Phagocytosis
Comparison of the total number of phagocytes shows a significant increase among the proinflammatory cells, as well as the bacteria stimulated cells. Some genetic disorders with impaired phagocytosis are strongly associated with severe aggressive periodontal disease.
In the past, this led to the theory that this neutrophil dysfunction is one of the main causes of aggressive periodontitis, or periodontal disease in general. However, theories that are more recent suggest that hyperactivity of neutrophils could be responsible for periodontal tissue damage, particularly in chronic periodontitis. 35 therefore, it is interesting that the health associated S. oralis, in contrast, induced phagocytosis in the naïve cells.
| Conclusion
We have characterized the morphology of the para-inflammatory phenotype displayed by oral neutrophils in health, and compared it to the naïve morphology of the blood neutrophil and the proinflammatory expression in oral neutrophils in chronic periodontitis. This morphology can be partially induced by incubation of neutrophils in vitro with bacteria. As bacterial challenge is constant in the oral cavity, para-inflammation is a normal physiologic process carried out by neutrophils to contain the commensal biofilm without exposing the host to the harmful effect of a fully active neutrophil response.
However, this is a delicate balance, and dysbiosis of microbial populations in the oral cavity can cause a shift towards a proinflammatory environment, which includes full activation of neutrophils, 
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